Abstract. The purposes of this study are to analyze post liquefaction shear strength and to explore the potential use of wave-based techniques to monitor liquefaction and post liquefaction response. The first part presents a detailed analysis of triaxial test results to identify robust strength criteria. The second part documents experimental data on the characterization of liquefaction events with P-wave reflection imaging and S-wave trans-illumination techniques. The relevance of multiple coexisting temporal and spatial scales is highlighted. The following results are obtained: 1) the post liquefaction shear strength can be estimated within the framework of critical state soil mechanic; 2) the P-wave reflection images obtained before and after liquefaction represent the depression of the soil-water interface; 3) excess pore pressure migration from liquefied deep layers may cause zero-effective stress in dilative shallow layers. P-wave reflection is a valuable tool to monitor the evolution of subsurface structures and S-wave trans-illumination technique can be used to yield a comprehensive picture of the spatial evolution of liquefaction.
Introduction
Soil response to seismic loading and the associated infrastructure damage have been studied for more than 60 years. The underlying microscale mechanisms are relatively well known even though unexpected behavior and emerging phenomena are still being recognized and discovered. Thus, today's state of the art still reflects significant uncertainty. This study consists of post liquefaction shear strength and wave-based techniques to monitor liquefaction.
Post Liquefaction Shear Strength
The dynamic response of a saturated sandy soil to earthquake excitation can be analyzed into two distinct cases. First, "flow liquefaction" occurs when the post liquefaction shear strength is lower than the initial deviatoric stress acting at the site. Second, the term "cyclic mobility" applies when the initial level of static shear stress is lower than the monotonic shear strength on the critical state line. Fig. 1 shows p'-q projection of flow liquefaction and cyclic mobility.
The monotonic critical state response provides a robust framework to understand the development of undrained strength in soils. Fig. 2 (a) shows the response of a contractive soil subjected to undrained loading. For simplicity, the path followed by the soil is often captured by its projections on the vertical and horizontal planes, that is the p'-q and the p'-e projections. To avoid confusion, the interpretation of these projections must recognize the three dimensional nature of the path in the p'-q-e space. The response under undrained loading is captured in deviatoric stress versus strain and pore pressure versus strain as shown in Figs. 2(b) and 2(c). The critical state (CS) strength is shown in all cases. Note that the variable is the void ratio while the initial effective confinement is kept constant. The transition points in the undrained behavior are observed, and they are denoted as the "quasi-steady state condition -QSS" or "phase transformation". The end points at large strain are the strength values corresponding to the critical state line. 
Wave-Based Characterization
After saturated sand tanks are impacted with a hammer to simulate the earthquake excitation, liquefaction is investigated by using the P-wave reflection technique and S-wave trans-illumination technique.
P-wave reflection technique. P-wave impedance (z) is defined as z=ρV, where ρ is the mass density and V is the P-wave velocity. Impedance mismatch determines the amplitude of reflections at interfaces. As the impedance of the soil-water mixture is always higher than that of water, P-wave imaging in the soil-water mixture can be a promising tool [1] . Transducer selection must be taken into consideration: operating frequency, directivity, desired resolution and skin depth. P-wave imaging is attempted with a submerged specimen made of a homogenous sand bed with an intermediate silt layer of lower permeability ( Fig. 3-a) . A 1.27 mm scanning interval is used (500kHz). A sudden impact can initiate liquefaction in a saturated loose sand bed. Post-liquefaction soil-restructuring causes changes in density, velocity and impedance, and it may modify soil layering. The reflection images before impacting the soil and two days after liquefaction are presented in Figs 
S-wave trans-illumination technique.
The shear wave velocity depends on the shear stiffness of the granular skeleton which is determined by the state of stress in the case of uncemented soils. The duration of liquefaction in small model test is very short. Therefore, a new technique based on continuous trans-illumination measurements is developed herein. This technique consists of two columns of five bender elements as shown in Fig. 4(a) . A plane wave is generated by feeding a periodic square-tooth input signal simultaneously to all bender elements in one column. The directions of wave propagation and of particle motion are both on the horizontal plane. The signal is detected at each bender element in the other column. Liquefaction is initiated by impacting the cell. Fig. 4(b) shows segments of one signal captured with the lower bender element before and after impact. The various segments clearly show the vanishing shear stiffness immediately after impact and its gradual recovery afterwards. The evolution of the shear wave velocity with time is plotted in Fig. 5 . Travel time recovers faster at the bottom layer than at the top, this confirms the upward migration of the solidification front. The longer duration of liquefaction in the shallower layers confirms the upwards pore water migration during re-sedimentation.
Summary and Conclusions
The post liquefaction shear strength can be estimated within the framework of critical state soil mechanic, where the monotonic stress path is an upper envelop of the cyclic stress path. The critical state line is unique with respect to the initial state of stress, initial fabric, and even minor digenetic effects. This is not the case for the quasi-steady state line. The determination of the critical state line must be conducted with conditions that prevent post peak strain softening behavior and strain localization. Experimental data gathered in the laboratory show that wave-based methods provide unique insight into the evolution of liquefaction: The P-wave reflection technique provides information about changes in porosity, layering and anomalies; The S-wave velocity reports changes in effective stress and stiffness. 
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